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RELATIVE REACTIVITIES I N  THE DIRECT OXIDATION OF 
BINARY HYDROCARBON rmELs ON PRACTICAL ELECTRODES 

H . J . R .  Maget' and P.J .  C h l u d z l n s k i  

Direct Energy Convers ion  Operation, General E l e c t r i c  Co.,  Lynn, Mass. 

INTRODUCTION 

The d i r e c t  oxidat ion of hydrocarbon f'uels i n  presence 
of  acaueous e l e c t r o l y t e s  and a t  temperatures less than 2OO0C 
has been extensively s tudied.  - 
has been mainly focused on pure p a r a f f i n i c  hydrocarbons. However, 
p r a c t i c a l  hydrocarbon f'uels w i l l  probably be rather complex or 
a t  l e a s t  consis t  of b inary  or t e rnary  mixtures. If t h e  r e a c t i v i t y  
o f  these fbe ls  d i f f e r s  appreciably it can be expected t h a t  pre- 
f e r e n t i a l  anodic oxida t ion  w i l l  correspond t o  the  deplet ion of t h e  
more reac t ive  spec ies  a t  the  detriment of others .  This, i n  turn,  
w i l l  r e s u l t  i n  an enrichment of t h e  less r e a c t i v e  species .  I n  
addit,ion, competitive adsorption and reac t ions  a r e  expected t o  take 
place on the e lec t rode  surface.  These processes a r e  not w e l l  known 
f o r  complex mixtures. 
on anodic p o t e n t i a l s ,  r e s u l t i n g  i n  varying fuel r e a c t i v i t y ,  as t h e  
e lec t rode  surface p o t e n t i a l  v a r i e s  w i t h  over -a l l  cur ren ts .  

The i n t e r e s t  of inves t iga tors  

Relat ive reac t ion  r a t e s  w i l l  a l s o  depend 

The design of mul t i -ce l l  s tacks operat ing with f'uel 
mixtures could be based on t h e  least reac t ive  species;  gains  i n  
c e i l  performance could be obtained i f  t h e  behavior o f  various I 

fbels could be understood. 
It was decided t o  approach t h e  problem by studying binary 

systeKs Such a s  Propane/OCtane, hexane/octane and heptane/octane, 
Individual  c o n s t i t u e n t s  Of these binary mixtures have been exten- 
s i v e l y  invest igated,  and anode performance as a function of molecu- 
l a r  chain length has shown that a t  150°C i n  presence of phosphoric 
acid t h e  fuel r e a c t i v i t y  v a r i e s  as:  prOpane>hexane>heptane>octane.2 

EXF'ERIPIENTAL 

The experimental work was conducted on porous platinum 
e lec t rodes  (geometric area: 50 em') prepared according t o  tech- 
niques described elsewhere.3 Phosphoric acid was used as the 
e l e c t r o l y t e  a t  1 5 O o C  and concentrations ranging from 95-97 w t . % .  
High ac id  concentrat ions were chosen i n  order t o  operate  the  f ie1 
at  r e l a t i v e l y  low water vapor pressures ,  i n  equilibrium wi th  t h e  
e l e c t r o l y t e .  The e l e c t r o l y t e  w a s  pumped i n  t h e  c e l l  a t  flow r a t e s  
s u f f i c i e n t l y  l a r g e  t o  avoid thermal and concentration gradients .  
The counter-electrode operated on oxygen or a i r .  
r i o n s  were obtained by placing the  complete c e l l  i n  an oven, main- 
t a i n i n g  the c e l l  temperature a t  150 _+ 2OC. 

Isothermal condi- 

Figure 1 represents  
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t h e  s ing le  c e l l .  Single e lectrode p o t e n t i a l s  (wi th  and without 
ohmic contr ibut ions)  were measured by means of a hydrogen re- 
ference e lec t rode ,  located i n  t h e  same environment (same t e m -  
perature  and e l e c t r o l y t e  concentrat ion) .  

The fuel (pure  grade 99.9 mole %) was pre-mixed be- 
fore  enter ing t h e  anode compartment. The fuel system, s ingle-  
Pass type,  allowed t h e  e x i t  stream ;o e n t e r  a Perkin-Elnier 801 
gas chromatograph, provided with a hot" gas sampling valve and 
thermal conduct ivi ty  c e l l .  The chromatograph w a s  c a l i b r a t e d  
wi th  about 50 samples of chemical species  and mixtures of species 
t o  determine separat ion t i m e ,  peak he ights ,  a reas  and t h e  proper 
temperature of t h e  column. The c a l i b r a t i o n  was based on t h e  area 
under the "peak" as described by a mechanical i n t e g r a t o r  on a Leeds- 
Northrup recorder.  

Spec i f ic  c a l i b r a t i o n s  were conducted with known quant i t ies  
of carbon monoxide, carbon dioxide, propane, hexane, octane, methane, 
a i r  and mixtures of these  cons t i tuents  f o r  a s i x  foot ,  1/8 inch O.D. 
column, packed w i t h  s i l i c a  g e l .  Separation of air ,  carbon monoxide 
and methane could be accom l i s h e d  a t  room temperature; carbon 
dioxide and propane a t  150 C, and hexane and octane a t  2 5 O o C .  
c a r r i e r  gas w a s  helium, s e t  at 30 cc/min. a t  1 5 O o C ,  and although 
t h e  chromatograph had flow compensators t o  keep c a r r i e r  flow con- 
s t a n t  through the  programmed temperature excursion t h e  flow de- 
creased somewhat ary 25OoC. Error  was minimized by c a l i b r a t i n g  the 
chromatograph and n n n i n g  a f b e l  c e l l  sample under the same condi- 
t i o n s  of temperature programming. 

tube,  and a l l  fbel exhaust l i n e s  t h a t  were exposed t o  room ambient 
i n  order  t o  prevent condensation o f  the higher boi l ing  const i tuents .  
The l i n e s  were kept constant at  about 1 5 O o C  and monitored by thero- 
couples i n  var ious loca t ions .  

The anode exhaust w a s  d i rec ted  t o  a heated Teflon de- 
humidifier containing two chambers, one which trapped e l e c t r o l y t e  
leakage, and the o t h e r  which contained phosphorous pentoxide t o  
remove water vapor from t h e  f u e l  exhaust before introduct ion t o  
t h e  s i l i c a  g e l  column. 
cc/min.) were fed through a c a p i l l a r y  tube flowmeter and the  rates 
determined from pressure drops. 

A schematic i l l u s t r a t i o n  of f u e l  feed and exhaust f o r  
t h e  chromatograph system i s  shown i n  Figure 2. H e l i u m  was used 
to pressur ize  the  me1 tank because i t s  presence i n  t h e  fuel would 
not be detected by the  chromatograph. Pressure f l u c t u a t i o n s  due 
t o  the helium regula tor  were dampened by bleeding p a r t  of the helium 
t o  a water column. The bypass allowed t h e  fuel feed l i n e  t o  t h e  
c e l l  t o  be quickly f i l l e d  p r i o r  t o  testing. The l i q u i d  fuel mixture 
was vaporized i n s i d e  t h e  oven i n  coaxial  metal tubes,  t h ?  inner 
tube supplying f'uel t o  t h e  hot  ou ter  tube, where it was 
ized. The system provided very s a t i s f a c t o r y  operation, with re- 
producible c a l i b r a t i o n  and smooth, steady flow. 

8 The 

It was necessary t o  heat  t h e  sample valve,  the  sampling 

The s m a l l  fuel flows (approximately 0.02 

f lash" vapor- 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Fuel and Oxidant Migration 

Although f'uel and oxidant s o l u b i l i t i e s  a r e  r a t h e r  low 
50°C i n  concentrated phosphoric acid4 ( 0 . 1 8  m i l l  moles of 

propane/liter-atm. , 0.34 millimoles of oxygen/liter-atm. , approx. 
0 .03 millimoles of octane/ l i ter-atm.  ) , measurements were conducted 
t o  determine t h e  r a t e  o f  fuel loss and carbon dioxide evolution 
a t  the  anode, due t o  chemical oxidat ion of t h e  h e l .  Results are 
reported i n  Table I. 

Table I 

Transport of Chemical Species Across t h e  E l e c t r o l y t e  
* 

Species at  Species a t  Transport Rate 
source electrode Counter-electrode (moles/cm*-sec-atm) x lolo 

Oct,ane H e l i u m  1 
Octane Oxygen 1 
Carbon dioxide Helium 4 
Oxygen Propane + Octane 52 

*31ect8rode size:  50 em2. E l e c t r o l y t e  spacing: 3.2 mm. Phosphoric 
ac id  cone. 95-97 w t . $  a t  1 5 O o C .  Species at source e lec t rode  a t  
1 . 0  atm. 

I n  t h e  case of oxygen t ranspor t  measurements, t he  dissolved a i r  
i n  the  f i e 1  (about 0 . 2  mole $ )  was not a contr ibut ing f a c t o r  t o  
t h e  oxygen content of the anode stream. 

2. Electrochemical Oxidation of Pure Octane 

Octane, a t  open c i r c u i t ,  showed a carbon dioxide content 

Pure octane, 

i n  t h e  anode exhaust o f  1%. 
combustion froill oxygen migrating from cathode t o  anzde, it corre- 
sponds t o  a p a r a s i t i c  current  dens i ty  of 0 . 3  ma/cm. 
a t  20  ma/cm2 showed a fuel u t i l i z a t i o n  and carbon dioxide production 
within 2< of t h e  t h e o r e t i c a l  value. Corrected for chemical com- 
bust ion,  the agreement w a s  within l$. 

If t h i s  i s  assumed t o  be chemical 

3 .  Binary Fuel Mixtures 

Attempts made t o  de tec t  hydrogen, carbon monoxide or 
species  other than t h e  fuels fed i n t o  t h e  anode chamber, were 
negative.  I n t e r f e r i n g  peaks observed a t  low r e t e n t i o n  times, were 
i d e n t i f i e d  as  oxygen and/or nitrogen, due t o  oxidant migration from 
cathode co  anode. 

a .  Propane/octane fie1 mixtures.  

The experimental r e s u l t s  a r e  reported i n  Figure 3 
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f o r  t h e  current  conmibut ion of propane a s  a 
f'unction of l o g  mean mole f r a c t i o n  of  propane 
i n  t h e  anode chamber. ( I n l e t  concentrat ions 
a r e  determined by flow rates, e x i t  concentrations 
by gas chromatographic ana lys i s .  All data are 
corrected f o r  t h e  vapor pressure of  water i n  
equilibrium with t h e  e l e c t r o l y t e . )  
propane oxidat ion i s  proport ional  t o  t h e  mole 
f r a c t i o n  i n  t h e  feed stream and a l s o  s t rongly 
dependent on t h e  anodic p o t e n t i a l ,  e. g. increasing 
t h e  anodic p o t e n t i a l  induced a decrease i n  anodic 
propane current .  T h i s  observation i s  i n  con- 
t r a d i c t i o n  with t h e  behavior of pure propane for 
increasing anodic p o t e n t i a l s ,  a t  least up to p o t e n t i a l s  
corresponding t o  oxygen deposit ion on t h e  electrode 
surface.  L inear i ty  between propane current  and 
gas phase composition i s  obtained up t o  average mole 
f r a c t i o n s  o f  0.3 t o  0 . 4 .  A t  higher concentration, 
t h e  e lec t rode  current  i s  due e n t i r e l y  t o  t h e  oxida- 
t i o n  of propane. Similar  observations can be made 
for octane, although t h e  current  due t o  octane 
oxidat ion increases  with increasing anodic overvoltage, 
as expected. 
i s  suggestive of species  i n t e r a c t i o n  and competition 

The rate of 

The behavior of t h i s  b inary  mixture 

. on t h e  electrode surface.  

Propane and octane cur ren ts  can be represented by: 

1. &/I = 740 e -11.6 qx3 

and i8/1 = 0.06 e 6. onx8 2. 

where xg and x8 represent  the  l o g  mean mole f r a c t i o n  of propane 
and octane i n  the gas  phase. A t  anodic over -poten t ia l s  o f  0.5 
\ioli is  vs .  Kt /H2 ,  a t  which most of  t h e  experimental data w a s  ob- 
zained, t h e  cur ren ts  can be expressed as: 

i3/1 = 2 .2  x3 3. 

and ie/I = 1 . 2  xg 4 .  

5. Hexane/octane f'uel mixtures. 

A l l  r e s u l t s  reported i n  Figure 4 were obtained a t  
anodic p o t e n t i a l s  near 0 . 5  v o l t s  vs .  H+/H2, necessary 
t o  achieve current  d e n s i t i e s  up t o  40 ma/cm2. Approxi- 
ri:a'ue l i n e a r  r e l a t i o n s h i p s  between current  and gas phase 
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composition a r e  obtained. 
t r i b u t i o n  of octane i s  i d e n t i c a l  t o  t h a t  obtained fo r  
the binary propane-octane mixture. (i8/I) is  ex- 
pressed by equation 4; for hexane: 

The r e l a t i v e  current con- 

i6/I = 4 . 0  x6 5. 
c. Heptane/octane f i e 1  mixtures. 

other  binary mixtures (Figure 5 ) .  The current  con- 
t r i b u t i o n  of octane can be expressed by equation 4; 
for  heptane: 

The t r e n d s  a r e  similar t o  those obtained for t h e  

i7/I = 2.5 x7 6. 
4 .  Seneral Relat ions 

A t  high anodic overvoltage ( 0 . 5  v o l t s  vs.  &/HZ ) al l  
current  contr ibut ions can be represented by: 

in/I = K 5 7 .  

where K represents  a f u e l  r e a c t i v i t y  constant” representat ive 
of  the  molecular chain length  o f  the p a r a f f i n i c  hydrocarbon. 

Table I1 

Fuel React ivi ty  Constants for Various Fuels ( a t  0 . 5  v o l t s  vs  H+/Hz) 

Fuel K-Value 

Propane 
Hexane 
Heptane 
Octane 

2 . 2  
4.0 
2.5 
1.2 

These r e s u l t s  a r e  presented i n  Figure 6 .  
octane the current  cont r ibu t ion  can be predicted from: 

For hexane, heptane and 

8. in/I = (13-1.5 n)  xn 

where n represents  the number o f  carbon atoms i n  t h e  molecular 
chain. Froi-. pure fie1 r e a c t i v i t y  da ta  reported by others‘, t h e  
expected r e a c t i v i t y  constant  f o r  propane should be approximately 
k3 = 3.7 ,  whereas t h e  measured value i n  t h e  propane/octane mixture 
i s  only 2 . 2 .  This result may i n d i c a t e  competitive surface processes 
between hydrocarbon spec ies  of rather d i s s i m i l a r  chain lengths .  C1 
and CZ p a r a f f i n i c  kjdrocarbons are expected t o  be l e s s  reac t ive  than 
propane. Cs and Cl0 n-paraff ins  are  not expected t o  y i e l d  r e a c t i v i t y  
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constants  appreciably d i f f e r e n t  from n-octane. 

The experimental r e s u l t s  a r e  presented i n  Figure 7 i n  terms of 
corrected current  contr ibut ions,  i . e .  i /13-1.5 n)  I VS.  gas 
phase composition ( u s i n g  t h e  experiment81 value of KS = 2.2  
f o r  propane). A t  p resent ,  t h e  exact physical  s ign i f icance  
of the me1 r e a c t i v i t y  c o e f f i c i e n t  i s  not c l e a r .  

CONCLUSION 

The anodic electrochemical oxidat ion of binary fuel mixtures of 
hexane, heptane and octane can be predicted from t h e  f’uel gas 
phase composition and t h e  r e l a t i v e  r e a c t i v i t y  of t h e s e  Puels, 
which decreases with increasing chain length.  The behavior of 
propane i n  propane/octane mixtures i s  unexpected, t h e  propane 
r e a c t i v i t y  decreasing with increasing anodic overvoltage. 
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